Cardiovascular disease associated with metabolic syndrome has a high prevalence, but the mechanistic basis of metabolic cardiomyopathy remains poorly understood. We characterised the cardiac transcriptome in a murine metabolic syndrome (MetS) model (LDLR−/−; ob/ob, DKO) relative to the healthy, control heart (C57BL/6, WT) and the transcriptional changes induced by ACE-inhibition in those hearts. RNA-Seq, differential gene expression and transcription factor analysis identified 288 genes differentially expressed between DKO and WT hearts implicating 72 pathways. Hallmarks of metabolic cardiomyopathy were increased activity in integrin-linked kinase signalling, Rho signalling, dendritic cell maturation, production of nitric oxide and reactive oxygen species in macrophages, atherosclerosis, LXR-RXR signalling, cardiac hypertrophy, and acute phase response pathways. ACE-inhibition had a limited effect on gene expression in WT (55 genes, 23 pathways), and a prominent effect in DKO hearts (1143 genes, 104 pathways). In DKO hearts, ACE-I appears to counteract some of the MetSspecific pathways, while also activating cardioprotective mechanisms. We conclude that MetS and control murine hearts have unique transcriptional profiles and exhibit a partially specific transcriptional response to ACE-inhibition.
a parameter of ventricular afterload was 42% higher in DKO than in WT. The metabolic profile shows severe insulin resistance (with HOMA-IR 10-fold higher in DKO), a more than double glycemia level, a more than sevenfold total cholesterol level, and more than tenfold level of blood triglycerides. Contractile reserve was significantly reduced in DKO. Body weight at 24 weeks was more than double in DKO, but heart weight corrected for tibia length only increased by 7%. At the cellular level, we reported that cardiomyocytes in the MetS heart demonstrate slower kinetics of contraction and relaxation 8 . Despite the extensive pathophysiological characterization of the MetS heart, the molecular mechanisms governing metabolic cardiomyopathy remain poorly understood. The apparent obstacle is the complex, interdependent multifactorial nature of the metabolic syndrome itself. The need for a better understanding of molecular disease mechanisms is further substantiated by the limitations of conventional therapies aimed at single therapeutic targets.
The European Society of Cardiology recommended the use of genomic methods and bioinformatics tools to investigate the full transcriptomic heart profile in order to characterize the signalling networks accountable for cardioprotection, and to identify potential therapeutic targets for use in multitarget treatment strategies 9 . The use of genomic diagnostic tools can also lead to early identification of individuals at increased risk and to novel therapeutic strategies that can reduce acute ischemic damage and remodelling towards heart failure in advanced disease.
The heart is composed of different cell types, where cardiac myocytes account for only about a third of the total cell number 10 . The rest includes a broad range of other cell types, including fibroblasts and other connective tissue cells, smooth muscle and endothelial cells and immune system-related cells [11] [12] [13] . These distinct cell groups are not isolated from one another within the heart, but interact via paracrine, autocrine and endocrine factors. Therefore, the impact of cellular crosstalk should be considered to understand pathogenic disease mechanisms and therapeutic effects. In our study, the use of genomic tools in examining whole heart samples contributes to understanding heterocellular cell-cell interactions in metabolic cardiomyopathy and treatment.
Angiotensin-converting enzyme inhibition (ACE-I) is a therapy of choice for patients with MetS 14, 15 , along with other pharmacologic agents 16 . It has been shown that ACE-I ameliorates some of the MetS pathogenic characteristics, as it exerts an anti-hypertensive effect and improves glucose control and insulin sensitivity 17, 18 . We reported earlier that ACE-I by captopril also improves cardiac contractility in the MetS murine model 8, 19 . Glycemia in DKO treated with ACE-I was 23% lower than in untreated controls, total cholesterol was 14% lower, and triglycerides were 21% lower. ACE-I had no effect on body weight. Heart weight corrected for tibial length in DKO was reduced by 13%. Left ventricular load independent contractility determined by preload recruitable stroke work was unchanged in WT, but improved by 16% in DKO, while EDPVR was unchanged in WT, but normalized in DKO (50% reduction). Arterial elastance reduced 31% in WT and 50% in DKO, proving the effectiveness of the applied dose of captopril. Contractility and contractile reserve of isolated cardiomyocytes from DKO mice was partly restored after ACE-I. However, our understanding of the effects of ACE-I treatment on the heart and metabolic cardiomyopathy remains very limited.
The goal of the current study was to characterize the transcriptional signature in the heart of a murine model of MetS relative to a healthy, control heart and to characterize the transcriptional changes induced by ACE-I in control and MetS hearts.
Results
Transcriptional characterization of the heart of a murine MetS model. The DKO mouse is a clinically representative model for MetS, which enables the study of cardiovascular consequences and therapeutic interventions and was extensively phenotyped in previous studies 7, 8, 20 . The phenotypes in DKO mice are highly consistent across individuals and include higher body weight, glucose, insulin, total cholesterol levels, plasma triglycerides, pulse pressure, and mean arterial blood pressure, elevated insulin resistance and impaired glucose tolerance. DKO mice develop metabolic cardiomyopathy from the age of 24 weeks. The cardiomyopathy is characterized by impaired contractility and relaxation, increased end-diastolic ventricular stiffness, increased ventricular myocardial fibrosis, and decreased cardiac output. DKO hearts show higher collagen content, increased cardiac myocyte cell width, and the presence of atherosclerotic lesions.
RNA-seq analysis of 39,175 genes identified 288 genes that are differentially expressed between DKO-CO and WT-CO hearts (Fig. 1A) . We used Ingenuity Pathway Analysis (IPA) to integrate and help interpret our expression data and found 72 significantly enriched pathways (top 10 shown in Fig. 1B ,C, the complete list in Suppl. Table S1 ), with the majority of pathways indicating an increase in activity. We have opted to combine in the figures the comparison DKO versus WT (panels A where appropriate) with the comparison DKO versus DKO-ACE-I (panels B where appropriate). This was done to allow easy comparison of (i) how pathways are disturbed in DKO and (ii) reverted or altered upon treatment with ACE-I.
First, our findings implicated activation of pathways not previously associated with the MetS heart. These include ILK signalling, dendritic cell maturation, and production of nitric oxide and reactive oxygen species in macrophages (Fig. 1B,C) . In the ILK signalling pathway ( Fig. 2A) our analysis indicated upregulated expression of Ras homolog family member (Rho), myosins, and fibronectin 1 (Fn1). Furthermore, in addition to the upregulation of Rho, we observed downregulated expression of the transcription factor (TF) Fos in the ILK and in the Rho signalling pathways (Figs 2A,3A) .
Second, our findings identified differentially expressed genes that have not been described in this context before. For instance, in the cardiac hypertrophy signalling pathway (Suppl. Fig. S1A ), we observed upregulated expression of Rho, Adenylate cyclase (Ac), cAMP-dependent protein kinase (Pka), and downregulated expression of heat shock protein 27 (Hsp27). In the LXR-RXR (Suppl. Fig. S2A ) and atherosclerosis ( Fig. 4A) In a network representation, we displayed the differentially expressed TFs and their involvement in several pathways ( 
ACE-I induces a model-specific transcriptional response in control hearts.
To gain insight in the transcriptional effects of ACE-I treatment, we first characterized the impact of ACE-I on the transcriptome of control hearts. To this end, we compared the transcriptomes of whole hearts of captopril treated (WT-AI) and untreated WT mice (WT-CO).
We found that ACE-I in WT mice had a limited effect on gene expression. RNA-seq analysis of 39,175 genes revealed only 55 genes differentially expressed between WT-AI and WT-CO hearts (Fig. 1A ). This is a relatively small effect, when compared to changes due to WT versus DKO genotype (288 genes). IPA analysis of these genes revealed 23 significantly enriched pathways (Fig. 1B,C ) with an increase in activity level in one and a decrease in four pathways, all of which were related to Rho signalling. Importantly, we identify numerous genes that have not previously been implicated in the effect(s) of ACE-I treatment. In a network representation showing the connection between the differentially expressed genes and the enriched pathways, we observed only one TF, Fos, which is significantly downregulated (Suppl. Fig. S4 ).
Downstream targets of Fos were displayed in the network: Nr4a1, Bmp10, insulin-like growth factor-binding protein 6 (Igfbp6), natriuretic peptide (Nppa), dickkopf-related protein 3 (Dkk3), all with a decrease in expression (Suppl. Fig. S4 ). Besides Fos, the network representation revealed three genes involved in most of the pathways: myosin light chain 1, 4 and 7 (Myl1, Myl4, Myl7) (Suppl. Fig. S4 ). The expression of differentially expressed genes was validated by means of qRT-PCR (see Suppl. Table S3 ). Noteworthy, IPA transcription factor prediction for downregulated genes was consistent with the results we obtained via i-cisTarget (Fig. 7) . The i-cis Target analysis did not predict any TF binding site enrichment for up-regulated genes.
ACE-I induces a model-specific transcriptional response in MetS hearts.
To characterize transcriptional changes induced by ACE-I in MetS heart and to identify key pathways with possible roles in the observed improvement in cardiac phenotype, we compared the transcriptome between ACE-I treated and untreated DKO hearts (DKO-AI vs. DKO-CO).
In DKO hearts, ACE-I resulted in a very prominent transcriptional response compared to WT hearts. Specifically, out of 39,175 genes analyzed, 1143 genes were differentially expressed between DKO-AI and DKO-CO hearts (Fig. 1A) . IPA analysis of these genes revealed 104 significantly enriched pathways with the majority of pathways displaying a decrease in overall activity (top 10 shown in Fig. 1B ,C, the complete list in Suppl. Table S1 ). The first important observation was that the top pathways with a decrease in activity could be subdivided in two groups. The first group consisted of pathways associated with Rho signalling, such as regulation of actin-based motility by Rho, Cdc42 signalling, RhoA signalling, signalling by Rho Family GTPases, Integrin signalling, and ILK signalling pathways.
The second group included pathways associated with adaptive and innate immune system response and inflammation, including acute phase response signalling, PKCθ signalling in T-lymphocytes, dendritic cell maturation, production of nitric oxide and reactive oxygen species in macrophages, complement system, and leukocyte extravasation signalling.
The second important observation was that ACE-I in DKO mice resulted in enrichment of pathways not enriched in untreated DKO hearts and in further modification of pathways characteristic for untreated DKO hearts. The top ACE-I newly induced pathways were associated with Rho-signalling, adaptive and innate immune system (Suppl. Fig. S5 ).
In addition to these pathways, ACE-I changed the activity of acute phase response signalling, LXR-RXR activation, production of nitric oxide and reactive oxygen species in macrophages, and dendritic cell maturation pathway, from increased in DKO-CO to decreased in DKO-AI after ACE-I. Consistent with this, we confirmed by qRT-PCR the downregulation of IL-1, serpin and Fgg, genes that were upregulated in DKO relative to WT (see Suppl. Tables S4 and S2) .
In DKO, ACE-I affected ILK signalling, Rho signalling, and cardiac hypertrophy signalling (Figs 2B, 3B, Suppl. Fig. S1B ). Importantly, whereas ACE-I resulted in a 2 to 3-fold downregulation in WT of myosin light chain subunits Myl1, Myl4, and Myl7, only a modest or no downregulation was observed in DKO upon ACE-I (Suppl .  Tables S3 and S4 for qRT-PCR results). In the ILK signalling pathway, ACE-I resulted in upregulation of Rictor and downregulation of F-actin (Fig. 2B and Suppl. Table S4 for qRT-PCR results).
ACE-I treatment impacted the LXR-RXR (Suppl. Fig. S2B ) and atherosclerosis (Fig. 4B ) signalling pathways. Since several of the genes associated with these pathways were upregulated in the DKO heart compared to the WT heart (as confirmed by qRT-PCR for ApoB ( = Ldl), IL-1, Fgg, Pla2g1b, Pla2g7), the apparent effect of ACE-I in DKO is the partial reversal of gene expression changes typical for the DKO model.
In the acute phase response (Fig. 5B) pathway, ACE-I treatment resulted in a change of gene expression from upregulation in DKO-CO (versus WT-CO) to downregulation in DKO-AI (versus DKO-CO). Differentially regulated TFs were shown in relation to all pathways affected by ACE-I in DKO (Suppl. Fig. S5 ). Transcription factors Rela, Egr1, Socs, Nr3c1, Mef2a, Nfat5, Creb1, Atf2, and Thrb were predicted to be involved in most of the pathways affected by ACE-I in DKO (Suppl. Fig. 5 ). The gene Myl9 was also included in this network representation. In the network, Myl9 is involved in many of the affected pathways including signalling by Rho family GTPases. Additional i-cis Target analysis confirmed binding site enrichment of these transcription factors in the set of up-and downregulated genes (Fig. 7) .
Discussion
In our study, we characterized the differences in cardiac transcriptome between a murine model of MetS and healthy controls and determined the impact of ACE-I treatment on control and MetS hearts. Whole heart was used to capture the cellular complexity and intercellular interactions in metabolic cardiomyopathy and treatment. We identify pathways and gene networks not previously associated with MetS heart, or with ACE-I effects on healthy and MetS hearts, while also providing a detailed description of gene activity patterns and networks for pathways that had been implicated before. A schematic overview of our findings is shown in Fig. 8 .
Thus far, the transcriptional landscape of MetS hearts has remained largely unknown. A few studies -using the Zucker Diabetic Fatty (ZDF) rat model -have reported differential expression of a few genes associated with impaired lipid and glucose metabolism, atherosclerosis, ROS signalling, and apoptosis 21 . Our results reveal that the MetS cardiac transcriptome is significantly different from controls for 288 genes and 72 pathways. Several of these pathways have previously been implicated directly or indirectly in MetS cardiomyopathy, while a number of the most significantly affected pathways are novel but can be linked to the morphological and functional phenotypes seen in our MetS model. Several of the novel pathways identified here, converge on Rho signaling. Rho signaling and its downstream effector, Rho-kinase (ROCK) have been causally implicated in angiotensin-induced cardiac remodelling and hypertension 22 . Furthermore, myosin phosphatase target subunit 1 (MYPT1) has an important role in ROCK-regulated vascular smooth muscle cell (VSMC), and non-muscle cell contraction 23, 24 . Specifically, phosphorylation by ROCK inactivates MLC phosphatase and allows interaction of MLC/MYL with actin 25 . We propose that the changes in Rho signalling contribute to altered contractility and other cardiac changes in MetS hearts.
We also identify innate and adaptive immune system signalling pathways. Our findings contribute to recent studies that link the innate and adaptive immune system to cardiovascular dysfunction in obesity 26, 27 . Insulin resistance was reported to be associated with infiltration of macrophages into cardiovascular tissues, followed by enhanced M1 pro-inflammatory response and suppression of M2 anti-inflammatory responses thus promoting cardiac hypertrophy, inflammation, and fibrosis 28 . The phenotypic switch of macrophages in obesity is associated with cytokine production 29 . Induction of pro-inflammatory cytokines IL-1 and IL-6 by angiotensin II has been suggested to cause cardiac hypertrophy 30 . In our study, we found IL-1, but not IL-6 to be significantly upregulated in DKO versus WT. Treatment with ACE-I resulted in a significant reduction of IL-1 expression and could thus be a contributing factor to the improved cardiac performance observed following ACE-I treatment.
We also found changes in pathways related to LXR-RXR signalling, atherosclerosis, and acute phase response that have been implicated before in cardiac pathophysiology [31] [32] [33] [34] [35] . Our results implicate these pathways in development and progression of MetS associated cardiomyopathy. In addition to the pathway analyses, we studied transcription factors associated with the observed transcriptional changes. We found a threefold upregulation of Srebp1c between DKO and WT that, however, did not reach statistical significance (FDR corrected p-value of 0.054). We observed significant upregulation of Foxo3, but not Foxo1, Foxo4 and Foxo6. We found Pparα as well as Ppparγ Coactivator 1 Alpha and Beta (Pppargc1a and Pppargc1b) to be upregulated in DKO versus WT, while Ppparγ was not. SREBP1c and FOXO have been reported to play a role in transcriptional regulation of metabolism at high glucose levels, FOXO-1 in cardiac pathology in diabetes mellitus, PPARγ in lipid metabolism, and PPARs in cardiac dysfunction in diabetic cardiomypathy [36] [37] [38] . Our findings implicate these and related transcription factors in the MetS heart.
In addition to studying the cardiac transcriptional changes associated with MetS, we characterized the transcriptional impact of ACE-I treatment in control and in MetS hearts. ACE-I treatment is a therapy of choice for patients with MetS, that we showed before to also improve cardiac physiological and metabolic parameters in our mouse model 8, 19 . The transcriptional changes induced by ACE-I treatment in WT hearts have never been documented, while the impact of ACE-I treatment in MetS hearts is poorly understood.
The effect of ACE-I on gene expression in WT hearts is limited. Nevertheless, the downregulated expression of myosin light chains Myl1, Myl4, and Myl7 in response to ACE-I provides a molecular explanation for the improved cardiac contractility in the WT heart, previously reported by our group 8, 19 . Indeed, overexpression of myosin light chain proteins has been shown to play an important role in hypertension, cardiac remodelling and hypertrophy [39] [40] [41] . Contrary to the limited effect on gene expression in WT, ACE-I in MetS hearts resulted in a very prominent transcriptional response. The majority of significantly enriched pathways displayed an overall decrease in activity after ACE-I. Interestingly, the majority of these pathways had increased activity in DKO relative to WT. Therefore, we conclude that ACE-I treatment partially reverses the DKO signature resulting in the observed improvement in cardiac morphological and functional parameters. The molecular changes include the previously discussed Rho-signalling, and adaptive and innate immune system pathways as well as the Myl genes. ACE-I also counteracted changes known to be characteristic for MetS. In particular, downregulation of Ldl (ApoB) and IL-1 was observed, affecting the LXR-RXR and atherosclerosis signalling pathways. We also found upregulation of rictor, a gene encoding a subunit of the mTORC2 complex and active in the ILK signaling pathway. This is of particular interest since mTORC2 has previously been implicated in cardioprotective mechanisms [42] [43] [44] . At the transcription factor level, Fos is the key TF regulating the pathways modified by ACE-I in the WT heart. In the MetS heart, the massive transcriptional changes were coordinated by several other TFs: Rela, Egr1, Socs, Nr3c1, Mef2a, Nfat5, Creb1, Atf2, and Thrb. In MetS hearts, ACE-I did not decrease Fos expression contrary to what we observed in WT cardiac transcriptome. It seems likely that the prominent transcriptional changes associated with metabolic syndrome heart as compared to the wildtype heart on the one hand, and the changes induced upon captopril treatment on the other hand, will also involve alterations at the epigenetic level. Recent studies have highlighted the importance of epigenetic regulation in heart disease (see e.g. 45, 46 ). The presence in the networks of histone deacetylases (HDAC4, HDAC9 in Figs 6 and S5, respectively) suggests that this will also play a role in the MetS heart model molecularly characterized in the current manuscript.
In summary, our study provides novel insights into the cardiomyopathy associated with metabolic syndrome and the effects of ACE-I treatment. First, our study characterized the transcriptional landscape in the heart of a murine model of metabolic syndrome relative to a healthy, control heart. Second, we characterized the transcriptional changes induced by ACE-I in the control and in the MetS hearts where it activates cardioprotective mechanisms. The observed changes correspond to our previous observations at the phenotype level and they provide a mechanistic explanation for those results. In conclusion, our results identify different deleterious and protective pathways not previously implicated in the cardiomyopathy of metabolic syndrome and thereby define possible novel avenues for studies in patients with MetS.
Materials and Methods
Experimental animal models. The study was conducted on a double knockout murine model of MetS (DKO; LDLR−/− and ob/ob) 47 . C57BL/6 (WT) mice were used as control. DKO mice were backcrossed for at least 10 generations into the C57BL/6J background, resulting in mice having a 98.4% C57BL/6J background. Homozygous DKO (LDLR−/−; ob/ob) mice were generated using classical intercrossing strategies, for which heterozygous ob/+ and C57BL/6 (WT) mice were purchased from Harlan Laboratory. The mice were genotyped by PCR for LDLR and ob genotype as described before 7 .
The effect of 12-week ACE-I treatment on gene expression in the heart was investigated. In the ACE-I treated groups (DKO-AI and WT-AI) mice were injected with ACE-inhibitor captopril (10 mg/kg/day IP) between 12 and 24 weeks of age. In the control groups (DKO-CO and WT-CO), animals received an equal volume of physiological saline NaCl 0.9%. Hearts were collected at the age of 24 weeks. RNA Extraction. Three hearts per group were snap-frozen in liquid nitrogen. Total RNA was extracted using the TRIzol reagent protocol (Invitrogen), purified on an RNeasy spin column (Qiagen), and DNase treated. RNA concentrations were determined using Quant-iT ™ RiboGreen ® RNA assay kit and RNA purity was assessed on a Nanodrop ™ 1000 Spectrophotometer (ThermoFisher Scientific) and RNA integrity using a BioAnalyser 2100 qRT-PCR and RT-PCR. cDNA was generated using the SensiFAST ™ cDNA synthesis kit (Bioline, Meridian Life Science Inc. TN, USA) as per the manufacturer's protocol.
qRT-PCR. Gene expression levels of 20 genes (see Suppl. Table S3 for primer sequences) were determined with beta actin as reference gene. Primers were designed to be exon-exon spanning using Primer-BLAST on NCBI and synthesized by Integrated DNA technologies (Leuven, Belgium). The reaction mixes consisted of 2 μl cDNA, 1 μl primer mix containing forward and reverse primers, 10 μl H 2 O and 10 μl SensiFAST ™ SYBR Hi-Rox mix (Bioline, Meridian Life Science Inc. TN, USA). qRT-PCR reactions were run on the Applied Biosystems Step One Plus Real-time PCR system. Transcript levels were normalized using beta-actin and mean values statistically compared using T-tests.
RT-PCR.
Expression of a selection of transcription factors in the heart was validated using RT-PCR and specific primers (see Suppl. Table S6 Pathway and Regulatory Network Analysis. Functional enrichment, pathway, and network analyses were performed using Ingenuity Pathway Analysis (IPA) version 28820210, build 400896 M (Ingenuity Systems Inc., Redwood City, CA). Only molecules from the data set present in the Ingenuity Knowledge Base repository were retained for analysis. Sets of significant differential genes were analyzed by core analysis, resulting in an enrichment analysis of canonical pathways. Enrichment of canonical pathways was scored by Fisher's exact test. Only pathways of which three or more genes were involved were considered further. For visualization purposes, only parts of canonical pathways where differential gene expression was observed were visualized. Genes found to be involved in canonical pathways were further used to visualize the functional relationship between transcription factors and their effects on pathways through downstream targets. For clarity, large network maps were manually trimmed retaining the nodes with the most connections.
In order to identify upstream regulators based on the observed gene expression changes in our experimental dataset, the IPA Upstream Regulator Analysis was used. To identify candidate regulatory transcription factors involved in regulation of differentially expressed genes, we used the i-cis Target 50 web-based tool that employs large motif collection, does not require an explicit choice of the background regions, relies on scoring based on homotypic clustering of binding sites 51 , uses cross-species information and considers large (10Kb) regulatory space around transcription start sites (TSS) that all together yield high confidence predictions. Lists of up-regulated and of down-regulated genes were used as input. Only TF motifs with Normalized Enrichment Score (NES) above or equal to 2.5 were considered.
Ethical committee approval. The investigation conformed to the "Guide for the Care and Use of Laboratory Animals" (National Institutes of Health, NIH publication no. 85-23, revised 1996, Bethesda, Md). The Institutional Animal Care Commission and Ethical Committee of the KU Leuven approved all experimental protocols.
Data Availability
All RNAseq datasets have been uploaded to the NCBI Gene Expression Omnibus. The GEO accession numbers are: GSM3092582-GSM3092593 corresponding to experiment GSE112975 entitled "ACE-inhibition induces a cardioprotective transcriptional response in the metabolic syndrome heart".
